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ABSTRACT
Nicotinic acidadeninedinucleotidephosphate (NAADP) is thenewest discovered intracellular secondmessengers,which is able to releaseCa2þ stored
within endolysosomal (EL) vesicles. NAADP-induced Ca2þ signals mediate a growing number of cellular functions, ranging from proliferation to
muscle contraction and differentiation. Recently, NAADPhas recently been shown to regulate angiogenesis by promoting endothelial cell growth. It
is, however, still unknown whether NAADP stimulates proliferation also in endothelial progenitor cells, which are mobilized in circulation after an
ischemic insult to induce tissue revascularization. Herein, we described a novel approach to prepare NAADP-containing liposomes, which are highly
cellmembrane permeable andare therefore amenable for stimulating cell activity.Accordingly, NAADP-containing liposomes evoked an increase in
intracellular Ca2þ concentration, which was inhibited by NED-19, a selective inhibitor of NAADP-induced Ca2þ release. Furthermore, NAADP-
containing liposomes promoted EPC proliferation, a process whichwas inhibited by NED-19 and BAPTA, amembrane permeable intracellular Ca2þ

buffer. Therefore, NAADP-containing liposomes stand out as a promising tool to promote revascularization of hypoxic/ischemic tissues by favoring
EPC proliferation. J. Cell. Biochem. 9999: 1–8, 2017. © 2017 Wiley Periodicals, Inc.
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Nicotinic acid adenine dinucleotide phosphate (NAADP) has
been established as a Ca2þ releasing intracellular second

messenger in a growing number of cell types [Morgan et al., 2011;
Galione, 2015]. NAADP triggers endogenous Ca2þ mobilization by
targeting two-pore channels, TPC1 and TPC2, which localize to the
acidic Ca2þ stores of the endolysosomal system (EL) [Morgan et al.,
2011]. Local NAADP-evoked Ca2þ signals may in turn be amplified
into a global Ca2þ wave by the recruitment of either ryanodine or
inositol-1,4,5-trisphosphate receptors on the adjacent membranes of
the endoplasmic reticulum (ER) [Galione, 2015; Penny et al., 2015;
Ronco et al., 2015]. Alternatively, NAADP could directly activate
type 1 RyRs, as demonstrated in murine T cells [Wolf et al., 2015], or

gate a Ca2þ-permeable current on the plasma membrane, as shown
in starfish oocytes [Moccia et al., 2003]. NAADP may thus control a
multitude of Ca2þ-dependent cellular events, such as fertilization,
differentiation, cardiac contractility, skeletal muscle differentiation,
glucose secretion, and T-cell receptor (TCR) signaling [Johnson and
Misler, 2002;Moccia et al., 2006;Morgan et al., 2011; Galione, 2015;
Wolf et al., 2015]. Recent work showed that NAADP-evoked Ca2þ

signals stimulated angiogenesis in vitro and neovascularization in
vivo [Favia et al., 2014]. A subsequent report revealed that a
functional EL Ca2þ store is also present in human endothelial
progenitor cells (hEPCs) [Zuccolo et al., 2015], which are mobilized
from bone marrow to restore the vascular network and rescue local
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blood perfusion in ischemic tissues, according to a process termed
vasculogenesis [Basile and Yoder, 2014; Moccia et al., 2015]. An
increase in intracellular Ca2þ concentration ([Ca2þ]i) has been put
forward as an alternative tool to improve the therapeutic outcome of
regenerative medicine in ischemic patients [Ferreira-Martins et al.,
2009; Gwathmey et al., 2011; Moccia et al., 2015]. A major problem
in assessing the pro-angiogenic effect of NAADP and exploiting its
therapeutic potential is that, just like all known second messengers,
NAADP is electrically charged to prevent its leakage from the cells
and is, therefore, membrane-impermeant. Several approaches have
been developed to intracellularly deliver NAADP, including
intracellular dialysis through a patch-clamp pipette [Cancela
et al., 2003; Ronco et al., 2015] and intracellular microinjection
[Johnson and Misler, 2002]. However, these approaches are
technically challenging, require the analysis of hundreds of single
cells and, in the case of microinjection, may cause a permanent
damage to the cell. To overcome these hurdles, Churchill and
coworkers synthesized an acetoxymethyl ester of NAADP (NAADP-
AM), which is cell-permeant, is taken up into the cells and has been
used by this group to investigate the outcome of NAADP-induced
Ca2þ mobilization in different cellular models [Parkesh et al., 2008;
Galione et al., 2014]. Herein, we developed a nanocarrier with the
capability of encasing and releasing NAADP. The challenge was to
load the second messenger into liposomal nanocarriers without
disruption/changes of vesicle shape and, at the same time, permitting
NAADP to permeate the cell membrane. We demonstrated that
liposome-introduced NAADP caused a dose-dependent increase in
[Ca2þ]i in hEPCs. NAADP-evoked Ca2þ signals were sensitive to
NED-19, a TPC inhibitor, which confirmed the activation of the EL
Ca2þ store. Moreover, NAADP-containing liposomes promoted
hEPC proliferation in a Ca2þ-dependent manner. It turns out that
the liposomal delivery of NAADP stands out as a promising
technique to selectively promote post-ischemic neovascularization
in injured tissues.

MATERIALS AND METHODS

CHEMICALS
Phosphate buffered saline (PBS) was from Sigma. Soybean lecithin
epikuron 130 P (EPK130) was obtained from Cargill Food Ingredient
Gmb. According to the manufacturer, EPK130 was a 65% wt/wt
mixture of natural phospholipids with the following distribution of
headpolar groups: phosphatidylcholine (PC, 3,033%), phosphatidyl-
ethanolamine (PE, 1,215%), phosphatidylinositol (PI, 1,316%), and
phosphatidic acid (PA, 36%). Fatty acids were mainly polyunsatu-
rated (3,134%) with minor fractions of saturated (1,113%) and
monounsaturated (36%). EBM and EGM-2 MV Bullet Kit were
purchased from Clonetics (Cell System, St. Katharinen, Germany).
Fura-2/AM was obtained from Molecular Probes (Molecular Probes
Europe BV, Leiden, the Netherlands). All other chemicals were
obtained from Sigma Chemical Co. (St. Louis, MO).

LIPOSOME PREPARATION
Liposomes were prepared from lecithin by a thin film hydration
method. A thin film was formed by dissolving the lecithin in

chloroform/methanol solution (2:1, v/v) in a round bottom flask and
following removal of the solvent under vacuum condition at room
temperature, which ensured complete removal of the solvents. The
film was then hydrated with PBS buffer (10mM, pH 7.4) to make a
20mL of lipid coarse dispersion. Liposomes were prepared by adding
cholesterol in a 89:20 lecithin:cholesterol molar ratio, codissolved in
chloroform and then dried. The driedfilm from aflaskwas suspended
in 4mL of rehydration solution. The resulting liposomal dispersion
was sonicated [Bufalo et al., 2017] for 3min (Ultrasound
Homogenizer-Biologics) and extruded 21 times with 100 nm filter.
Finally, the mixture was dialyzed in PBS bulk for 24 h with three
bulk-changes. Properties of liposomes were modulated by varying
the rehydration solution composition.

A first liposome type was generated with a PBS solution
containing 70 g of NAADP and 0.042mg of KCl, it is referred as
K-liposome (KL). A second liposome type was prepared from PBS
solution containing only 70 g of NAADP referred as P-liposome (PL).
Moreover, liposomes free to NAADP and KCl, were prepared directly
from the PBS solution, this type of liposome referred as FL was used
as reference.

SIZE AND z-POTENTIAL MEASUREMENTS
Liposomes size was measured by a dynamic light scattering particle
size analyzer which has a measuring range from 0.6nm to 6m
(Zetasizer NanoZS90,Malvern Instruments Ltd.,Worcester-shire, UK).
Dynamic light scattering, also known as PCS (Photon Correlation
Spectroscopy), measures Brownian motion and relates this to the size
of the particles [Lopez et al., 2004]. It does this by illuminating the
particles with a laser and analyzing the intensity fluctuations in the
scattered light. The relationship between the size of a particle and its
speed due to Brownian motion is defined by the Stokes–Einstein
equation [Ambrosone et al., 1999]. The final particle diameter was
calculated from ameanof at least threemeasurements. The z-potential
was measured using the Zetasizer Nano Z S90 which measures the
distribution of the electrophoretic mobility of particles with a size
range from 3nm to 10m using the laser Doppler velocity technique.

SCANNING ELECTRON MICROSCOPY
Scanning electron micrographs were obtained using the specific
malachite green fixation technique described elsewhere [Ishi et al.,
1995; Aihua et al., 2003]. Briefly, pieces of qualitative filter paper
(Whatman 2) were immersed in the lipid vesicles suspension and then
removed rapidly. Lipid vesicles adsorbed on thefilter paperwerefixed
by immersion for 24h at 4°C in 1% (v/v) glutaraldehyde and 1% (w/v)
malachite greenmixed buffer solution (NaH2PO4–Na2HPO4, pH 7.4).
After fixation the lipid vesicles were briefly washed in buffer solution
and reacted for 8 hwith cold 1% (w/v) osmium tetroxide bufferedwith
phosphate. All samples were subsequently dehydrated in a graded
ethanol series. After critical point drying with critical carbon dioxide,
the fixed lipid vesicles were mounted on a sample stage with double-
sided adhesive tape, vacuum.

ISOLATION AND CULTIVATION OF ENDOTHELIAL COLONY
FORMING CELLS
Among the many EPC subtypes described in Literature [Basile and
Yoder, 2014], we focused on endothelial colony forming cells
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(ECFCs), which represent the only EPC population truly belonging to
the endothelial phenotype. As described elsewhere [Moccia et al.,
2017; Zuccolo et al., 2016b], blood samples (40mL) were obtained
from healthy human volunteers aged from 22 to 32 years old
(n¼ 12). The Institutional Review Boards at Istituto di Ricovero e
Cura a Carattere Scientifico Policlinico San Matteo Foundation in
Pavia approved all protocols and specifically approved this study.
Informed written consent was obtained according to the Declaration
of Helsinki. Mononuclear cells (MNCs) were separated from
peripheral blood (PB) by density gradient centrifugation on
lymphocyte separation medium for 30min at 400g and washed
twice in EBM-2 with 2% FCS. A median of 36� 106 MNCs (range
18–66) were plated on collagen-coated culture dishes (BD
Biosciences) in the presence of the endothelial cell growth medium
EGM-2 MV Bullet Kit (Lonza) containing endothelial basal medium
(EBM-2), 5% foetal bovine serum (FBS), recombinant human (rh)
EGF, rhVEGF, rhFGF-B, rhIGF-1, ascorbic acid and heparin, and
maintained at 37°C in 5% CO2 and humidified atmosphere. Discard
of non-adherent cells was performed after 2 days; thereafter medium
was changed three times a week. The outgrowth of endothelial cells
from adherent MNCs was characterized by the formation of a cluster
of cobblestone-appearing cells. That ECFCs-derived colonies
belonged to endothelial lineage was confirmed as described in
[Moccia et al., 2017]. As already shown in [Moccia et al., 2017], the
immunophenotype of ECFCs does not change at different passages in
culture.

INTRACELLULAR Ca2+ MEASUREMENTS
Intracellular Ca2þ signals were measured as previously described
[Zuccolo et al., 2016a,b]. ECFCs were loaded with 4mM Fura-2
acetoxymethyl ester (Fura-2/AM; 1mM stock in dimethyl sulfoxide)
in physiological salt solution (PSS) for 30min at room temperature.
PSS had the following composition (in mM): 150 NaCl, 6 KCl, 1.5
CaCl2, 1 MgCl2, 10 Glucose, 10 Hepes. The solution was then titrated
to pH 7.4 with NaOH and its osmolality, as measured with an
osmometer (Wescor 5500, Logan, UT), was 300–310mmol/kg. After
washing in PSS, the coverslip was fixed to the bottom of a Petri dish
and the cells observed by an upright epifluorescence Axiolab
microscope (Carl Zeiss, Oberkochen, Germany), usually equipped
with a Zeiss 40 Achroplan objective (water-immersion, 2.0mm
working distance, 0.9 numerical aperture). ECFCs were excited
alternately at 340 and 380 nm, and the emitted light was detected at
510 nm. Afirst neutral density filter (1 or 0.3 optical density) reduced
the overall intensity of the excitation light and a second neutral
density filter (optical density¼ 0.3) was coupled to the 380 nm filter
to approach the intensity of the 340 nm light. A round diaphragm
was used to increase the contrast. The excitation filters were
mounted on a filter wheel (Lambda 10, Sutter Instrument, Novato,
CA). Custom software, working in the LINUX environment, was used
to drive the camera (Extended-ISIS Camera, Photonic Science,
Millham, UK) and the filter wheel, and to measure and plot on-line
the fluorescence from 1,015 rectangular regions of interest (ROI)
enclosing 1,015 single cells. Each ROI was identified by a number.
Since cell borders were not clearly identifiable, a ROI may not
include the whole EPC or may include part of an adjacent ECFC.
Adjacent ROIs never superimposed. The [Ca2þ]i was monitored by

measuring, for each ROI, the ratio of the mean fluorescence emitted
at 510 nm when exciting alternatively at 340 and 380 nm (shortly
termed ratio). An increase in [Ca2þ]i causes an increase in the ratio
[Zuccolo et al., 2016a,b]. Ratio measurements were performed and
plotted on-line every 3 s. The experiments were performed at room
temperature (22°C).

PROLIFERATION ASSAYS
As described elsewhere [Dragoni et al., 2015; Zuccolo et al., 2016b],
the proliferative effect of NAADP was evaluated by plating a total of
1� 105 ECFCs-derived cells (first passage) in 30-mmcollagen-treated
dishes in the presence of: (1) EBM-2þ 5% FBS; (2) 5% FBSþ EGM-2;
(3) 5% FBSþ EGM-2þ PL (1:30); and (4) 5% FBSþ EGM-2þKL
(1:30). Cultures were incubated at 37°C (in 5% CO2 and humidified
atmosphere) and cell growth assessed every day until confluence was
reached in control cultures. At this point, cells were recovered by
trypsinization from all dishes and the cell number assessed by
counting in a haemocytometer. In order to assess the impact of Ca2þ

signaling on NAADP-promoted ECFC proliferation, cells were seeded
in the presence of EGM-2þ 20mM AA supplemented with (1) 5%
FBSþ EGM-2þ PL (1:30)þBAPTA (30mM, 30min pre-incubation);
(2) 5% FBSþ EGM-2þPL (1:30)þNed-19 (10mM, 30min pre-
incubation). Preliminary experiments showed no unspecific or toxic
effect for each agent when used at these concentrations. Each assay
was repeated in triplicate.

RESULTS

LIPOSOME CHARACTERIZATION
NAADP is a dinucleotide that only differs from the house-keeping
enzyme cofactor, NADP by a hydroxyl group and yet this minor
modification converts it into the most potent Ca2þ-mobilizing
second messenger. As one can see in Figure 1, the negative charge
on a molecular surface is due to the presence of highly polarized
phosphate groups. Such negative charge triggers strong repulsive
interactions between NAADP molecules and membrane cell. In
order to obtain an efficient shielding of the repulsive forces,
various liposomes were prepared. The chemical and physical
characteristics of liposome-containing nanocarriers were assessed
by measuring the particle size (D), polidispersity index (PDI), and
z-potential (Zp) at 25, 30, 37, 40, and 45°C, for each liposome type.
The results are summarized in Figure 2. As it can be seen, KLs
exhibit a hydrodynamic radius (55 nm) considerably smaller than
reference FLs. In contrast, PLs have a size substantially equal to the
reference, although it tends to increase at high temperatures,
oscillating in the range 65–70 nm. Correspondingly, PDI values are
0.22 and 0.32 for KLs and PLs which are both larger than the
reference (0.15 nm) (Fig. 3) and remain practically constant in the
entire temperature range. Formation and accumulation of polar
hydrolysis products in the membrane reflect in changes of
hydrogen bonding interaction [Ambrosone et al., 1999; Lopez
et al., 2004; Di Biasio et al., 2009]. One may expected that Zp of
liposome should be also sensitive to the NAADP action. Figure 2
shows that Zp for KLs is slightly more negative than PLs, so that,
on the basis of physico–chemical parameters measured, one at first
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glance one might be tempted to conclude that KLs should be
excellent carriers for NAADP [Brailoiu et al., 2003, 2005]. A more
careful examination, however, reveals that this conclusion is not
justified because a large negative charge on a smaller liposome
increases its surface charge and renders it impermeable to the cell
membrane.

NAADP CONTAINING LIPOSOMES INCREASE [Ca2+]i IN ECFCs
In order to assess whether NAADP-loaded liposomes are able to cause
an increase in [Ca2þ]i, we performed Ca2þ imaging experiments in
Fura-2/AM-loaded ECFCs. After a short recording in PSS, external
Ca2þ was removed to exclusively focus on Ca2þ released from the EL
system. The following dilutions were probed for both KLs and PLs:

1:20, 1:25, and 1:30. Figure 4A shows that, for each dilution, KL
dispersions failed to increase [Ca2þ]i. This finding reinforces the
notion that the surface charge has a crucial role in permitting
liposomes to be internalized into the cell. Accordingly, PL dispersions
increased [Ca2þ]i at each dilution (Fig. 4B), while empty liposomes did
not alter intracellular Ca2þ levels (not shown). As a control, PLs not
filled with NAADP did not increase [Ca2þ]i (Fig. 4B). While the
percentage of responding ECFCswas significantly (P< 0.05) higher at
1:30 (Fig. 4C), the magnitude of the Ca2þ response was greater at 1:20
(Fig. 4D). The involvement of NAADP receptors, that in ECFCs are
represented only by TPC1 [Zuccolo et al., 2016b], was probed with
NED-19, a specific blocker of NAADP-induced Ca2þ release [Morgan
et al., 2011; Ronco et al., 2015]. NED-19 (10mM, 30min) fully

Fig. 1. Molecular structure of NAADP.

Fig. 2. Chemical and physical characteristics of nanocarriers based Epikuron
130P. Liposomes containing NAADP prepared in PBS (gray squares) and PBS-
KCl (grey squares) are compared with liposomes prepared in PBS solution, but
empty (white circles). (A) Droplet size, (B) Polydispersity index (PDI), (C)
Z-potential (Zp) are monitored as a temperature function. The lines are guides
for the eyes.

Fig. 3. Scanning electron microscopy of NAADP-filled liposomes. Scanning
electron micrograph of lipid vesicles fixed using the malachite green technique.
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prevented the Ca2þ response to NAADP (Fig. 5), thereby confirming
that NAADP delivered through extracellular PLs was acting at its
established intracellular target.

NAADP-CONTAINING LIPOSOMES STIMULATE ECFC PROLIFERATION
It has now been recognized that an increase in [Ca2þ]i plays a
key role in inducing hECFC proliferation [Moccia et al., 2014;
Moccia and Guerra, 2016]. In order to assess whether liposome-
introduced NAADP has the potential to be exploited for
regenerative purposes, we assessed whether it induces prolifer-
ation in ECFCs. As shown in Figure 6, KLs (1:20) failed to induce
ECFC proliferation, while PLs (1:20) caused a significant
(P< 0.05) increase in the rate of ECFC growth. Importantly,
liposomes-elicited ECFC proliferation was inhibited by BAPTA
(30mM, 30min), a membrane-permeable buffer of intracellular
Ca2þ levels, and NED-19 (10mM, 30min). These results provide
the first evidence that exogenously administrated NAADP
stimulates ECFC growth and suggest that NAADP-containing
PL dispersions could be successfully exploited to accelerate
revascularization in ischemic diseases. Thus, our results
indicate that it is possible to load the liposomes with NAADP
and modulate their surface charge to make them efficient
nanocarriers.

DISCUSSION

Liposomes are widely employed as an effective drug delivery
platform to target endothelium and promote the reconstruction of
the vascular network in tissues damaged by an ischemic insult, such
as myocardial infarction [Dasa et al., 2015] and ischemic stroke [Liu
et al., 2011]. Recently, the induction of spatio-temporally coordi-
nated intracellular Ca2þ signals in progenitor cells belonging either
to the endothelial [Moccia et al., 2015] or cardiac [Ferreira-Martins
et al., 2009] lineage has been proposed as an alternative tool to
induce revascularization of the ischemic heart. Of note, ECFCs, the
hEPC subset employed in the present investigation, are mobilized
from their vascular stem cell niche after an acute myocardial
infarction to restore blood perfusion to the damaged heart [Massa
et al., 2009; Cheng et al., 2015]. Unfortunately, the amount of ECFCs
that successfully engraft within the infarcted area is not sufficient to
effectively restore local blood supply [Moccia et al., 2015; Tasev
et al., 2016]. The intrinsic limitation of this endogenous reparative
ability leads to the subsequent development of post-infarction heart
failure, which represents one of the main causes of death, morbidity,
and loss of life quality in industrialized countries [Steg et al., 2013].
The present investigation demonstrated for the first time that
NAADP-containing liposomes may be successfully employed to

Fig. 4. Liposome-introduced NAADP increase the [Ca2þ]i in ECFCs. (A) KL dispersions do not increase [Ca2þ]i in ECFCs. (B) PL dispersions cause a robust increase in [Ca2þ]i in
ECFCs when administered at both 1:20 (A) or 1:30 (B) dilution.Mean� SE of the percentage of responding cells (C) and of themagnitude (D) of NAADP-evoked Ca2þ signals have
been reported as bar histograms. The asterisk indicates t-test P-value<0.05. The amplitude of the Ca2þ response to the 1:20 dilution is remarkable smaller than that induced by
1:30 dilution and cannot be appreciated with this Y-ordinate scale.
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induce intracellular Ca2þ signaling and promote proliferation in
ECFCs. This approach retains a significant therapeutic relevance as
liposomes may be conferred a specificity toward a defined cell type.

Previous studies showed the intracellular levels of NAADPmay be
increased by using NAADP-encapsulating liposomes. In particular,
NAADP-containing liposomes were exploited to stimulate neurite
outgrowth in mouse neurons [Brailoiu et al., 2005] and neurotrans-
mitter release at the frog neuromuscular junction [Brailoiu et al.,
2003]. The formulations were prepared by dissolving NAADP within
a KCl buffer. However, our preliminary experiments revealed that
KLs did not cause any detectable increase in [Ca2þ]i in ECFCs. Of
note, although the liposomes used in our experiments were
composed of neutral lipids, each having one phosphatidyl group
and one choline group in their molecules, they displayed a non-zero
surface electric potential. One explanation for this observation is
that an increase of ionic strength or temperature causes a structural
change of the head-group region of the liposomes. As a result, lipid
molecules could be arranged in such a way that the hydrophilic
groups are located on the surface of liposomes under our conditions.
This hypothesis could explain the failure of KLs in eliciting
intracellular Ca2þ signaling despite the fact that the lipid composi-
tion of our vesicles is similar to that described by Brailoiu et al.

[2003]. Accordingly, the surface charge was significantly higher in
KLs as compared with PLs and it is well known that a large negative
charge on a smaller liposome increases its surface charge and renders
it impermeable to the cell membrane. Consistently, PLs induced a
dose-dependent endogenous Ca2þ release, which was inhibited by
NED-19, a selective blocker of NAADP signaling [Morgan et al.,
2011; Ronco et al., 2015]. Preliminary experiments indicated that
NAADP entry into the cells occurs by endocytosis (not shown). This
finding, along with the observation that the NAADP-gated TPC1 is
expressed in ECFCs [Zuccolo et al., 2016b], confirmed that PL
formulations were suitable to load these cells with NAADP, thereby
activating its prominent downstream signaling pathway, that is,
intracellular Ca2þ mobilization. Of note, while the magnitude of the
Ca2þ response to NAADP was higher at the lowest dilution tested
(1:20), the percentage of responding cells increased by increasing
NAADP dilution (1:30). One possible explanation for this observa-
tion is that TPC1 desensitizes at high NAADP concentrations
[Morgan et al., 2011]. It could be that, at a higher dilution (1:30),
liposomes release a sufficient amount of NAADP to activate most
cells, although it is not enough to trigger the maximum Ca2þ release.
Conversely, at 1:20 dilution the cytosolic NAADP concentration
could attain such high levels to desensitize NAADP receptors in most

Fig. 5. The Ca2þ response to liposome-introduced NAADP is inhibited by NED-19. (A) NAADP in PL dispersions (1:20) increase [Ca2þ]i in the absence, but not the presence, of
NED-19 (10mM, 30min). Mean� SE of the percentage of responding cells (B) and of the magnitude (C) of NAADP-evoked Ca2þ signals in the absence and presence of NED-19.
The asterisk indicates t-test P-value <0.05.
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cells while triggering the greatest Ca2þ mobilization in those
escaping desensitization. Similar results have been obtained upon
intracellular delivery of NAADP through a patch-pipette [Cancela
et al., 1999] or through UV-induced photolysis of caged-NAADP
[Moccia et al., 2006].

A recent study revealed that NAADP may be synthesized in
response to vascular endothelial growth factor (VEGF) stimulation to
promote proliferation in human umbilical vein endothelial cells
(HUVEC) [Favia et al., 2014], a widely employed model to study
endothelial cell functions in vitro. However, it was not clear yet
whether NAADP per se was able to induce angiogenesis. This study
showed that NAADP-containing liposomes stimulated ECFC prolif-
eration by activating TPC1, as demonstrated by the inefficacy of
such treatment in the presence of NED-19 or BAPTA, a fast
exogenous Ca2þ buffer which is able to prevent the [Ca2þ]i to
increase and recruit Ca2þ-dependent decoders. Therefore, in
principle, liposomes could be used as a drug delivery system to
load with NAADP ECFCs homing to the infarcted myocardium and
boost the reparative process. Of course, this hypothesis remains to be
probed in vivo by future research, but it is worth of noting that
liposomes composed of negatively charged lipids supplemented with
cholesterol are less prone to be removed from circulation and have
already reached the pharmacological market [Senior, 1987].
Moreover, the lower surface charge of PLs used in the present
investigation renders them considerably less toxic for the host
[Immordino et al., 2006].

In conclusion, herein we described a novel method to prepare
NAADP-containing liposomes to effectively induce ECFC prolifera-
tion in vitro by recruiting the Ca2þ-dependent mitogenic machinery.
This strategy holds promise as an alternative maneuver to boost
post-ischemic vascularization of infarcted hearts.
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